Abstract In this study, we present a magnetic resonance imaging (MRI)-based, high-resolution, numerical model of the head of a healthy human subject. In order to formulate the model, we performed quantitative volumetric segmentation on the human head, using T1-weighted MRI. The high spatial resolution used (1 9 1 9 1 mm 3 ), allowed for the precise computation and visualization of a higher number of anatomical structures than provided by previous models. Furthermore, the high spatial resolution allowed us to study individual thin anatomical structures of clinical relevance not visible by the standard model currently adopted in computational bioelectromagnetics. When we computed the electromagnetic field and specific absorption rate (SAR) at 7 Tesla MRI using this high-resolution model, we were able to obtain a detailed visualization of such fine anatomical structures as the epidermis/dermis, bone structures, bone-marrow, white matter and nasal and eye structures.
Introduction
The human head is comprised of a great number of different types of biological tissue which combine to form the individual structures of the face and the cranium, including the brain. Materials such as the vitreous humor within the eye-ball, as well as the air within the mastoid cells and other cavities such as the orbital sinus, must also be taken into account when attempting a precise representation of the head's structure. The spatial distribution and topographic relationships of the head structures and tissues make the head a non-homogeneous structure with a complex overall topology. Anatomical details provide important structural and spatial information integral to answering physical and geometrical-topological questions having to do with the formulation of a head model. Human head models are commonly used for radio-frequency (RF) dosimetry in various areas of bioelectromagnetic safety research, including mobile phones [1] , and MRI [2] [3] [4] . Currently, head models used in bioelectromagnetic computation have been designed primarily from an engineering perspective [1] and have lacked detailed information of histology, anatomical variability, and diverse topographical organization of the various head tissues. A precise anatomical modeling of the head allows for more accurate visualization of the RF power (i.e., RF energy per unit time) deposition in thin and clinically relevant structures inside the human head. The number of these structures is relevant given that the electro-magnetic (EM) field depends on the electrical properties of the head structures [5, 6] , especially in conditions requiring modeling of full-wave Maxwell equations [7] where the wavelength of the RFfield becomes comparable with the dimensions of the human head. Given the geometrical complexity of the human head, in computational electromagnetic the estimation of the local distribution of the EM field generated by an external RF source as well as the specific absorption rate (SAR) is a great challenge [8, 9] . SAR is the value used in MRI safety guidelines by the Food and Drug Administration [10, 11] .
A comprehensive quantitative morphometric analysis of a healthy adult human head (i.e., including brain and nonbrain structures) was carried out using a T1-weighted MRI. From this anatomical analysis, 21 brain structural entities were distinguished, as well as 28 non-brain structural entities; volume measurements were computed for each. With the help of this analysis, a novel high-resolution head model was constructed, using the finite difference time domain (FDTD) algorithm [12, 13] to estimate the EM field and the SAR distribution in a human head at 7 T MRI. We believe that use of the model obtained with this method of morphometric analysis will improve the sensitivity of the computation and mapping of SAR and can also be used as an atlas for automated head segmentation [14] .
Materials and methods
Subjects. Our volunteer for this study was one healthy, 37-year-old, right-handed Caucasian male, weighing 75 kg and measuring 175 cm in height. Informed consent was obtained in accordance with Massachusetts General Hospital policies.
MRI protocol
High-resolution anatomical MRI data were acquired. The MRI was performed with a quadrature birdcage transmit/ receive head coil on a 1.5 T scanner (General Electric, Milwaukee, WI). A whole-head acquisition was collected using a T1-weighted 3D-SPGR sequence (TR/TE = 24/ 8 ms) for 124 slices, each 1.3 mm thick (matrix size 256 9 192, FOV 256 mm).
Imaging data processing. The volume data were resampled using trilinear interpolation to isotropic voxels with dimensions of 1 9 1 9 1 mm 3 . The overall head dimensions were 170 mm in width, 217 mm in depth, and 238 mm in height. Segmentation was then applied on this dataset volume in the native space for both brain and nonbrain structures (see below).
Overview of the regional anatomy of the head. The general shape of the head is that of an ellipsoid or an ovoid, and its average height is 18-20 cm. This measurement is usually relatively constant as 13% of a person's total body height, although it does vary somewhat with ethnicity, sex, and age. The head is comprised of two subdivisions, the cranium and the face [15] . The cranium contains the brain and its covers (the meninges), and the face hosts the proximal parts of the respiratory and digestive conduits. Both the cranium and the face contain sensory organs for vision, hearing, olfaction, gustation, and somatic sensation.
Morphometric head segmentation
We divided the process for morphometric head segmentation into 'brain' and 'non-brain' procedures.
Brain segmentation. Images were positioned within the original three-dimensional coordinate system of the scanner. Gray matter/white matter segmentation overlays were constructed for the full series of coronally reconstructed images [16] . The neuroanatomical subdivisions delineated by this semi-automated general segmentation procedure corresponded generally, but not exclusively, to the natural gray matter boundaries distinguished by differential signal intensities in T1 weighted images [16] . The definition of the 21 brain structural entities and the procedures used for their segmentation are reported in Filipek et al. [16] . Specifically, the following structures were labeled within the grey matter: amygdala, amygdala anterior, accumbens area, brain stem, cerebral cortex, caudate, hippocampus, pallidum, putamen, thalamus proper, ventral diencephalon (DC). Cerebral White matter and optic chiasm were segmented in the white matter. Finally, the following structures filled with cerebro-spinal fluid were segmented and labeled: cavum vergi, lateral ventricle, inferior lateral ventricle, third ventricle, fourth ventricle, cerebro spinal fluid.
Non-brain segmentation. Progressing in the rostrocaudal dimension, the different structures of the face and the cranium were segmented in the 256 consecutive coronal sections. Twenty-eight different structural entities were segmented as listed in Table 1 and shown in Fig. 1 . The following paragraphs describe the anatomical-histological definitions used to segment the principal anatomical structural entities (ASEs).
The ''cerebrospinal fluid/subarachnoid'', or ''CSF/ SA'' ASE, refers to the space between the dura and the pia mater. This space is filled with cerebrospinal fluid, which is a clear, very low-protein liquid similar to blood plasma but with a different electrolyte concentration. The ''epidermis/ dermis'' ASE is histologically a tissue covering the head surface composed primarily of a keratinized squamous epithelium. The ''ear''ASE is composed mainly of cartilage. It also contains small amounts of fat, connective [23] b Ref. [21] c Ref. [22] d Ref. [20] tissue, muscle, and skin (epidermis, dermis, subcutaneous tissue, blood vessels, nerve fibers, and lymphatics). The ''nasal structures'' ASE is mainly cartilage, and also contains small amounts of fat, connective tissue, muscle, and skin (epidermis, dermis, subcutaneous tissue, blood vessels, nerve fibers, and lymphatics). The ''soft tissue'' ASE includes structures that are too small and complicated to segment in this type of imaging resolution. The ''subcutaneous tissue'' ASE is a loose connective tissue in which bundles of collagen fibers are mostly oriented parallel to the skin surface. The ''connective tissue'' ASE is composed of cells and fibers of fibroblasts and fibers such as collagen or elastin, which are embedded in a gel-type extracellular matrix. This connective tissue has structuralmechanical properties such as keeping different tissues together; it also has defensive properties such as wound repair. Eye region. The ''cornea'' ASE is the anterior transparent part of the eye, which refracts most of the light entering the eye and is made-up of epithelial tissue, three layers of collagen fibrils, and an internal layer of endothelium. The ''lens/iris'' ASE contains the lens and the iris, two structures that divide the eyeball into an anterior and a posterior chamber. The lens is composed of elongated, prismatic cells, called lens fibers. These cells are highly organized and contain granular material as well as large quantities of longitudinal microtubule and actin filaments, which give the lens its refractile and elastic properties. The iris is composed mainly of muscular tissue, allowing for dilation and restriction of the pupillae; it also has small quantities of other tissues such as connective and nervous tissue. The ''aqueous humor'' ASE is composed of fluid contained in the anterior chamber of the eye. The fluid consists principally of water as well as a small quantity of glucose, amino acids and respiratory gases. The ''vitreous humor'' ASE is composed of a liquid that fills the posterior chamber of the eye. This liquid is composed mainly of water within which is a sparse, organized cellular and fibrous content made-up mostly of long glycosaminoglycan chains of sodium-hyaluronate. The ''retina/choroid/ sclera'' or ''R/C/S'' ASE comprises the retina, choroid, and sclera. The retina is the neural sensory layer of the eyeball and is in contact with the vitreous humor. The choroid is located between the retina and the sclera and is a highly vascular tissue. The sclera is a hard dense layer surrounding the choroid.
Bone. The ''bone'' ASE is a dynamically changing connective tissue, mineralized and richly vascularized. It is composed mainly of cells (the osteocytes, osteoblasts and osteoclasts as well as osteoprogenitor cells), which are embedded within an intercellular matrix, or ground substance, containing crystals of hydroxyapatite. In the flat bones of the skull, the bone is made up of two layers of compact bone tissue, the outer table (''outer table'' ASE) and the inner table (''inner table'' ASE), between which is situated a layer of spongy tissue called the diploe (''diploe'' ASE). The diploe corresponds to the medullary cavity of a long bone [17, 18] . The ''dura'' ASE refers to the cranial dura mater, which is the most external of the meninges. It is a thick, strong, non-elastic sheet that contains and mechanically protects the brain. The ''teeth'' ASE includes the structure of the teeth, which is composed of a crown, made of dentine (ivory) covered by translucent enamel, and of a root covered by bone like cement. The dentine contains a central pulp cavity which enlarges in the root to become a pulp chamber and narrows in the proximal part of the root and apex where it is called pulp canal. The pulp consists mainly of blood vessels, nerves, and connective tissue.
The ''air'' ASE refers to the air content of the upper respiratory and digestive systems such as the pharyngeal and oral cavities and the trachea, as well as to the air content of the orbital sinus. The ''mastoid air cells'' ASE refers to the air content within the mastoid process of the temporal bone. The ''adipose'', or fat ASE is associated with body heat preservation and production and is composed of adipose cells. It can be distributed in defined areas of the body as adipose tissue. The ''orbital fat'' ASE is located in the caudal part of the orbit, behind the eye. The ''muscle'' ASE is composed of assemblies of muscle cells which contract by converting chemical energy into mechanical work, allowing the body and its individual parts to move. The ''tongue'' ASE is composed almost entirely of muscle fibers although it contains other connective and epithelial tissues as well. The ''nerve'' ASE refers to cranial nerves and is composed principally of axonal fibers and their surrounding myelin sheets. The ''spinal cord'' ASE corresponds to a part of the central nervous system, i.e., the spinal cord, which is contained within the spinal canal of the vertebral column. The ''blood'' ASE is composed of the vessels (arteries and veins) as well as the circulating blood or haemolymphoid tissue.
Classification of ASEs at radio-frequency by their electrical properties
The classification of ASEs in terms of their electrical properties is necessary in order to precisely compute the EM field and SAR in the human head during an MRI experiment. The electrical properties of ASEs, such as conductivity and permittivity, vary depending on the structural composition of each ASE. For this study, we classified the ASEs using the radiofrequency of 300 MHz, a frequency which is used to elicit the signal at 7 Tesla MRI. Specifically, the electrical properties of the human head structures were considered as: (a) linear with an electric field, (b) isotropic, (c) dispersive (i.e., variable with frequency), and (d) heterogeneous in space. In these conditions, the complex permittivity e * is defined as [19] :
where e r is the relative permittivity and e 00 x ð Þ ¼ (Farad m -1 ) the permittivity of empty space and r tot (x) (Siemens m -1 ) the total conductivity including a frequency independent ionic conductivity and the frequency dependent losses due to dielectric polarization [6] .
The anatomical classification for each structural entity, as well as their density [20] [21] [22] [23] and electrical properties at 300 MHz, are shown in Table 1 and mapped in Fig. 2 . Electrical properties were assigned to each ASE based on its histological definition and on a comprehensive published database of the electrical properties of biological tissues [6, 20, 24] .
Specifically, the 21 brain structures were paired with the corresponding electrical properties of grey matter, white matter, cerebellum, and cerebrospinal fluid [6] ( Table 1) . For the non-brain ASEs there was an overall direct correspondence between the anatomical definition and the corresponding dielectric values found in Gabriel et al. [6] . With regard to the structures without a direct equivalence, the ASE ''SC-Fat/Muscle'' was assigned electrical properties obtained averaging those of fat and muscle. Furthermore, the ASEs ''Subcutaneous Tissue,'' ''Connective Tissue,'' and ''Soft tissue'' were associated with weighted average values of the electrical properties of muscle, cartilage and fat (see ''limitations'' in discussion).
Finite-difference-time-domain (FDTD) model of the head. The numerical head model was used for simulations based on the FDTD algorithm [12, 13] with 30,000 ) (top), conductivity r (S m -1 ) (center), and permittivity e r (bottom), at 300 MHz for the different ASEs segmented. The maximum scale was fixed at e r = 70 and r = 1 for illustrative purposes. These values were used for FDTD simulations at 7 T MRI timesteps. The total number of Yee cells [25] for the anatomical segmentation was 4,648,070, and the total volume, including the free space around the model, was 323 9 373 9 323 mm 3 . A total of seven layers of perfectly matching layer boundary conditions [26] were introduced in the geometry which included a detailed model of a volume RF coil [4, 27] . This coil was modeled with 16 perfect electrically conductive rods of 295 mm in length and arranged around the head in circular symmetry (diameter 260 mm). A circular excitation was modeled placing on the center of each rod 300 MHz sinusoidal current generators of 1A peak-to-peak amplitude, 50X load, and a 22.5°phase shift between any two adjacent generators. A Dual core Xeon processor 5110 1.60 GHz, 4 MB l2 cache, 1,066 MHz 4 Gb RAM was used for the simulations.
Results
Segmentation. Manual segmentation showed 21 distinct brain and 28 distinct non-brain structural entities in the human head (Fig. 3) . The volumetric results for each of these anatomical structural entities are shown in Table 2 . High spatial resolution of the imaging data made it easier to segment thin ASEs such as the epidermis/dermis, the outer and inner table, the dura, and the diploe. Visualization. Fine-grained head model segmentation allowed for 3-D reconstruction and precise visualization of the different ASEs (Fig. 4) . Moreover, the intrinsic numerical structure and the spatial detail given by these processes allow for precise and easily manageable anatomical 3D rendering.
A very bright region in the center of the field of view of the human head has been observed at 7 Tesla MRI, using volume coils: the central brightening effect (CBE) [28] . The CBE observed in the present study using FDTD simulations with the proposed model at 7 T, is shown in Fig. 5 .
The precise 3D-rendering we were able to obtain makes this model an ideal tool for anatomical visualization (Fig. 6) . Such accurate 3D-rendering could be very useful as an educational tool for training surgeons and anatomy students.
Discussion
In this study, we used T1-weighted MRI to obtain the semiautomated segmentation and volumetry of one healthy, adult, human head. Using this anatomical analysis, we were able to distinguish 21 brain structural entities as well as 28 non-brain structural entities in the human head; we were able to provide volume measurements for each structural entity distinguished. This level of analysis provides increased anatomical resolution relative to previous models and is able to generate complex anatomical surfaces, which allow for SAR visualization (Fig. 3) . Thus, semi-automated fine-grained MRI-based volumetric segmentation used herein provided a versatile and flexible tool to perform volumetric analysis and 3D SAR mapping.
Volumetric anatomical segmentation. Several autopsy studies on humans have included measurements of the size of head compartments [29] [30] [31] [32] [33] [34] [35] . With the advent of MRI, morphometric studies have provided a wealth of information on brain and head structure volumetry (see e.g., [16, [36] [37] [38] [39] ), but available information regarding non-brain head structure volumetry is currently limited. Among the few studies reporting results on segmentation and volumetry for non-brain head structures is the ''Visible Human'' study. In this investigation, one postmortem human body was cryo-sectioned and the sections were photographed. Segmentation was then performed on the individual sections and 3D reconstructions and volumetric data were derived for the different parts of the human body including the head [40] . Another widely used head model is the digital brain phantom [41, 42] . In this model, the human head was segmented semi-automatically using T1-weighted MRI. This segmentation facilitated the identification and volumetric analysis of five non-brain (head) structural entities. Recently, Kruggel et al. [39] reported normative results on global head volumes using a reference population of healthy subjects. Our findings are in agreement with Kruggel's measurements regarding the total head and the principal brain structures. Comparison of our model with other sources of human head data. Two different types of comparison were conducted. First, we compared our segmentation results with the results of a postmortem human head by direct inspection [43] . The latter head atlas was interpolated to match the scale of the CMA head. This comparison provided the following correspondence between the CMA versus the Head Atlas: 84% mean overlap between the 26 non-brain SE; 95% and higher overlap between half of SEs. Second, we compared the volumetric results of our model with an anatomical digital brain phantom model by Montreal Neurological Institute (MNI) [42] . The volumes of the structural entities studied in our model and those studied using the MNI model showed an average volume concordance of 99% for the entire head; the overall weighted average of percentage difference across all the ASEs was Fig. 4 3-D view of head model . a Epidermis; b muscle (red), outer table (white) and eye regions (lens, cornea and vitreous humor); c dura mater (gold), blood vessels (red), and bone (white); d dura mater (gold), blood vessels (red) and eye regions; (e) dura mater (gold), blood vessels (red), eye regions, tongue (light red), ears and nasal structures (pink) and bone (white); f outer table, bone (white) and blood vessels (red); g cerebral cortex (green), blood vessels (red), and eye regions; h cerebral white matter (offwhite), blood vessels (red) and eye regions 8.94%, ranging from 1 to 20%. Given that there was some mismatching in the definition of ASEs and the fact that the two head datasets were segmented using different segmentation procedures, these differences were to be expected.
Computational models. Several numerical models based on volumetric segmentation for EM field estimation have been presented in literature. In these studies, each structure instead was considered as an entity combining both anatomical and electrical properties using the condensed term of ''tissue''. For instance, the study led by the FDA presented fourteen different numerical head models [1] including the one based on the Visible Human Project. The Visible Human model has an interpolated spatial resolution of 1 mm 3 isotropic with 24 tissues segmented for the head [44] . Every other model, based on MRI and computerized tomography (CT) images, had either lower resolution (2 mm 3 ) or a lower number of tissues. A recent study showed that a resolution of 2 9 2 9 2.5 mm 3 is quite accurate when evaluating whole-head SAR in MRI [45] . On the other hand, in cases such as parallel transmission at ultra high-field MRI or MRI recording in human subjects with conductive leads, the interactions between the RF field and the load (i.e., human head) are expected to generate local peaks of electric field, hence SAR [46] . In these cases, the use of the whole-head SAR as the exclusive dosimetric parameter for safety profile may be potentially inaccurate [9, 47] and the estimation of local SAR, e.g., 10 g averaged [11] , could be more appropriate.
In this study we used instead the term ''anatomical structural entity'' to define a structure in terms of its anatomical and histological properties. This analytical process allowed the achievement of a detailed anatomical definition of the head and a precise modeling of its electrical heterogeneity. Overall, compared to other existing models, our model provides both the highest spatial resolution, i.e., 1 mm 3 isotropic, and the highest number of anatomical structures ASEs, i.e., 49 (21 brain and 28 non-brain).
Novelty and significance. The present study was different from previous in vivo investigations mainly in two ways: (a) in the detail of anatomical description and finegrained subdivision of the human head, and (b) in the spatial resolution of the head model. The previous works of Kruggel and MNI provided the volumetric segmentation of only a few tissues (head and brain for Kruggel, ten tissues for the MNI). The Visible Human Project has the same numerical resolution (1 mm 3 isotropic) of the present model, however the data used for this model were derived from post-mortem data. The high spatial resolution (1 mm 3 ) and large number of anatomical structures segmented in our model allow for an improved detailing of the geometrical precision and spatial distribution of discrete tissue and electrical classes. More specifically, the increased number of structures examined allowed for ease in the geometrical characterization of further anatomical details such as nasal cavities or the ventricular system. The high spatial resolution also allowed us to distinguish contiguous but anatomically and electrically [6] distinct structures such as the outer table, the diploe, and the inner table. The ability to distinguish these types of structures may directly affect the estimation of EM field [48] .
Other potential applications. The computational model derived from the anatomical segmentation can be used for EM field and SAR estimation, both of which are useful for MRI-RF coil design as well as for general studies of RFabsorption during MRI. Moreover, the model can be used to estimate B 0 susceptibility because it allows for identification of the spatial configuration of regions of high magnetic susceptibility differences, such as at the various air-bone-soft tissue interfaces. Algorithms have been designed to compensate for MRI artifacts, which distort the signal in certain brain regions [49, 50] .
Limitations. This study was based on one healthy subject, whereas other volumetric analyses such as in Kruggel [39] , used large datasets. The purpose of the present study, however, was to develop a method for obtaining a finegrained anatomical analysis of the human head. Future studies should address the question of creating databases in healthy and diseased conditions. Also, our model does not include the shoulders, and this may negatively affect the estimation of the EM field for the volume of the full-head coil [51] . The labeling of the segmentation results is voxelbased, therefore its transformation to the surface domain requires additional processing steps that need to be considered in terms of topology, surface continuity, and smoothness.
A highly precise anatomical segmentation may not necessarily correspond to improved accuracy in electrical modeling or in estimating RF-heating. In this study, the anatomical segmentation did not always correspond to the definitions for electrical properties provided by the literature [6] , and some anatomical structures were assigned averaged electrical properties. For example, subcutaneous tissues, connective tissues, and soft-tissues were assigned properties equivalent to a weighted average of muscle, fat, and cartilage which are the main components of these structures.
The accuracy in dosimetric analysis obtained with the head model may be affected by the limited degree of precision for which electrical properties are provided [53, [57] [58] [59] . The total absorbed RF power (i.e., RF energy per unit time) was strongly affected by few structures with high volume and conductivity, such as muscle, grey and white matter (Fig. 7 ) whereas other structures with low conductivity had a relatively low power absorbed. Further simulations were conducted by separately increasing by 20% the electrical conductivity of the five SEs with highest volume (Table 2) , namely muscle, grey matter, white matter, epidermis/dermis and subcutaneous fat/muscle. The estimated SAR was then compared to the SAR estimated using the values of electrical properties shown in Table 1 . Results, presented in Table 3 , showed that the maximum difference for SAR estimated in each 1 mm 3 voxel using the head model with modified conductivity with respect to the reference one was 33%. There was no significant difference in the estimate of the peak 10 g averaged SAR (i.e., maximum change of 4.4%), as well as peak unaveraged 1 mm 3 and 1 g averaged SAR. Moreover, the values found in literature were often derived from in vitro or post-mortem measurements in animals [20, 52] ; electrical properties in vivo for human subjects may be different and may vary with factors such as temperature or age [52] [53] [54] [55] . The anatomical segmentation obtained for this model can be seen as a first step for a more complex biophysical characterization of the human head. Direct measurements of the electrical properties in vivo using an electrical impedance approach offer an interesting and novel perspective to provide anatomically specific electrical properties [56] .
Conclusions
This study combines a semi-automated comprehensive finegrained MRI-based anatomical volumetric segmentation with EM field estimation. We carried out a quantitative morphometric analysis on a healthy adult human head using a fine-grained anatomical method on a high resolution MRI dataset. The resulting novel high-resolution head model has been evaluated for EM field computation, providing accurate estimation of the central brightening effect at 7 T. The high degree of precision in this model may allow improvement in the sensitivity of computation and in the accuracy of SAR visualization in 3D of thin anatomical structures with clinical significance. This model also has potential applications in the visualization of thermal distribution in hyperthermia and ablation therapy [60] , surgery simulation [61] , computational modeling used for pharmacokinetic/pharmacodynamic studies in cancer research [62] , as well as in more general geometrical, biophysical, and physiological modeling of the human head [63, 64] . Fig. 7 The pie-chart shows the percentage of RF-power absorbed by each anatomical structure. The absorbed RF power (i.e., RF energy per unit time) was higher for ASEs with high volume and conductivity, such as epidermis/dermis, grey matter, white matter, and muscle, and lower for ASEs with low conductivity, such as bone or outer/inner table 
